Kinematic surveys of the dwarf spheroidal (dSph) satellites of the Milky Way are revealing tantalising hints about the structure of dark matter (DM) haloes at the low-mass end of the galaxy luminosity function. At the bright end, modelling of spiral galaxies has shown that their rotation curves are consistent with the hypothesis of a Universal Rotation Curve whose shape is supported by a cored dark matter halo. In this paper, we investigate whether the internal kinematics of the Milky Way dSphs are consistent with the particular cored DM distributions which reproduce the properties of spiral galaxies. Although the DM densities in dSphs are typically almost two orders of magnitude higher than those found in (larger) disk systems, we find consistency between dSph kinematics and Burkert DM haloes whose core radii r 0 and central densities ρ 0 lie on the extrapolation of the scaling law seen in spiral galaxies: log ρ 0 ≃ α log r 0 + const with 0.9 < α < 1.1. We similarly find that the dSph data are consistent with the relation between ρ 0 and baryon scale length seen in spiral galaxies. While the origin of these scaling relations is unclear, the finding that a single DM halo profile is consistent with kinematic data in galaxies of widely varying size, luminosity and Hubble Type is important for our understanding of observed galaxies and must be accounted for in models of galaxy formation.
INTRODUCTION
In the current cosmological paradigm, dark matter (DM) provides the gravitational potential wells in which galaxies form and evolve. Over the past decades, observations have provided detailed information about the distribution of DM within those regions of spiral galaxies where the baryons reside (Ashman 1992; Persic, Salucci & Stel 1996 (hereafter PSS) ; Sofue & Rubin 2001; Salucci et al. 2007) . Similar information on the distribution of DM is also available for low-surfacebrightness (LSB) galaxies (de Blok 2005; Kuzio de Naray et al. 2006) . In these disk systems, the ordered rotational motions and known geometry of the tracers has facilitated the mass modelling and provided clear evidence that the stellar components of spiral galaxies are embedded in extended DM haloes. In the most luminous objects the stellar disk is almost self-gravitating with dark matter contributing significantly to the dynamics only at larger radii. In contrast, at the faint end of the galaxy luminosity function, baryons contribute a negligible amount to the overall gravitational potential ).
Extensive modelling of both individual and co-added spiral galaxy rotation curves (RCs) has generally concluded that almost maximal stellar disks embedded in cored dark matter haloes reproduce the data better than models with cosmologicallymotivated, cusped dark matter haloes (PSS; Persic, Salucci & Stel 1996; Salucci & Burkert 2000; Gentile et al. 2004; de Blok et al. 2001 de Blok et al. , 2002 Marchesini 2002; Gentile et al. 2005 Gentile et al. , 2007 , see also Chemin et al. 2011 ). Further, scaling relations between properties of the spiral galaxies such as central surface density, stellar scale radius and stellar velocity dispersion have been identified and interpreted as signatures of the physical processes which drive galaxy formation (e.g. Kormendy 1985 Kormendy , 1987 Kormendy , 1990 Burkert 1995; Kormendy & Freeman 2004) . Persic & Salucci (1988) and Persic & Salucci (1991) demonstrated that the Burkert halo density profile given by ρ(r) = ρ 0 r 3 0 (r + r 0 ) (r 2 + r 2 0 )
,
with two free parameters, the core radius r 0 and the central halo density ρ 0 , is consistent with the available kinematic data in spiral galaxies. When the mass distribution in these galaxies is modelled using the combined contributions of a Freeman (1970) disk for the luminous matter and a Burkert profile for the dark matter halo, the structural parameters obtained (DM central densities, core radii, disk masses and length scales) exhibit a series of scaling laws. This led to the hypothesis of a "Universal Rotation Curve", an empirical function of radius and luminosity that reproduces the RCs of spiral galaxies (PSS; Persic & Salucci 1988; Persic & Salucci 1991; Salucci et al. 2007 , and references therein).
In contrast, our knowledge of the mass distribution in pressure-supported systems like elliptical galaxies is still limited (see Napolitano, Romanowsky & Tortora 2010 , for a recent summary of the state of art). On-going observations of Local Group dwarf spheroidal galaxies (dSphs), which occupy the faint end of the luminosity function of pressure-supported systems, are currently yielding crucial information about the properties of the dark and luminous components in these objects and, in turn, on the underlying physical properties of DM haloes (e.g. Tolstoy et al. 2004; Gilmore et al. 2007; Strigari et al. 2008; Peñarrubia, McConnachie & Navarro 2008; Walker et al. 2009a) . It is, however, an intrinsically difficult task both observationally, in terms of measuring velocities for sufficient numbers of tracers, as well as from a dynamical modelling point of view, due the lack of precise information on the dynamical state of the stellar populations.
The dSphs are typically at least two orders of magnitude less luminous than the faintest spirals, and show evidence of being DM dominated at all radii (e.g. Kleyna et al. 2002) . Their typical stellar masses lie in the range 3 × 10 5 M ⊙ to 2 × 10 7 M ⊙ , although the luminous masses of some recently discovered objects are as low as 10 3 M ⊙ (Martin et al. 2008) , while their stellar length scales are of order 0.3 kpc. In these systems, the DM halo typically outweighs the baryonic matter by a large factor (from a few tens, up to several hundred). An understanding of these objects is therefore essential for understanding the nature of dark matter itself and to build an observational picture of the outcome of galaxy formation on small scales. Additionally, high-redshift dSph pre-cursors most likely contributed significantly to the build-up of the stellar halo of the Milky Way (Helmi 2008) . Given that the observed dSphs are predominantly old, pressure-supported, spheroidal systems, their evolutionary histories would be expected to differ significantly from those of spirals, especially in the baryonic components (see e.g. Grebel et al. 2003) .
As in the case of spiral galaxies, a number of authors have found evidence of universality in the DM halo properties of dSph galaxies. Mateo (1998) found that the variation of the mass-tolight ratios of dSphs with total luminosity was consistent with all dSphs containing similar masses of dark matter within the volume occupied by their stellar distributions. This implies a larger proportion of dark matter in the less luminous objects, a general characteristic of spiral galaxy haloes (Persic & Salucci 1988; de Blok et al. 2008 Adén et al. (2009) have noted the existence of considerable scatter in the estimated masses of the lowest luminosity systems, and several authors have presented evidence of systematic differences between the properties of the Milky Way dSph satellites and those surrounding M31 (Collins et al. 2011 (Collins et al. , 2010 Kalirai et al. 2010) . Secondly, why do the properties of the dark and luminous mass distributions appear to be related, even though baryons dominate, at most, only the inner regions of galaxies?
The study of the internal kinematics of the Milky Way dSphs has been revolutionized by the availability of multi-object spectrographs on 4m and 8m-class telescopes. Large data sets comprising between several hundred and several thousand individual stellar velocities per galaxy have now been acquired for all the luminous dSphs surrounding the Milky Way Kleyna et al. 2004; Muñoz et al. 2005 Muñoz et al. , 2006 Walker et al. 2009a; Koch et al. 2007a,b; Battaglia et al. 2008) . The volume of the currently available data is sufficient to measure the dynamical masses interior to the stellar distributions of the dSphs. However, the mass profiles remain less well-determined. It has been demonstrated (Walker et al. 2007; Koch et al. 2007a,b; Battaglia et al. 2008 ) that these profiles are consistent with the cuspy dark matter haloes produced in cosmological N-body simulations (e.g., Navarro, Frenk & White 1997) , as well as with more general families of haloes that range from centrally cored to steeply cusped (Walker et al. 2009b) . The velocity dispersion profiles alone cannot distinguish between cored and cusped haloes due to the degeneracy between mass and velocity anisotropy (see e.g. Koch et al. 2007a; Battaglia et al. 2008; Evans et al. 2009 ). Gilmore et al. (2007) recently showed that the kinematic data and additional features in a small number of the well-studied dSphs are consistent with cored DM potentials, under the assumptions of spherical symmetry and velocity isotropy. In addition, several authors have presented arguments which suggest that the internal kinematics of dSphs may be more consistent with cored haloes (Kleyna et al. 2002; Goerdt et al. 2006; Battaglia et al. 2008; Amorisco & Evans 2011; Walker & Peñarrubia 2011) .
In the present paper, we investigate whether DM haloes of Burkert form are consistent with the observed kinematics of the luminous Milky Way dSphs. As noted above, Burkert haloes provide good matches to the rotation curves of spiral galaxies and it is therefore interesting to ask whether they are also relevant models for galaxies of other Hubble Types. We also wish to explore whether the parameters of the best-fit Burkert profiles for the dSphs lie on the extrapolation to the dSph regime of the scaling relations seen in spiral galaxies. While previous work has already shown that the internal kinematics of the Milky Way dSphs may be consistent with cored haloes (Gilmore et al. 2007 ), it does not necessarily follow that Burkert profiles in particular reproduce the observed kinematic data.
In what follows, we assume that the form of the dSph dark matter halo density is known and only the length scale and density scale can vary. We allow the velocity anisotropy of the stellar distribution to vary in order to reproduce the observed dispersion profiles as closely as possible. Finally, we compare the resulting DM structural parameters with the low-luminosity extrapolation of the relations between the equivalent parameters found in spirals.
Some of the comparisons between dSphs and spirals require us to define a stellar length scale for the dSphs which plays the same role as the disk scale length R D in spirals. One way to do this is to identify the location of the peak in the circular velocity curves in each system which would be predicted if the stellar components were assumed to contribute all the gravitating mass. For a Freeman disk, this peak occurs at 2.2 R D . If the stellar components of the dSphs are modelled using a Plummer (1915) sphere the corresponding radius is at 1.4 r h (r h is the projected half-light radius). Thus, where necessary, we associate the spiral disk length scale R D with the radius 0.64 r h in the dSphs. However, we note that most of our conclusions in this paper do not make use of this length scale.
The outline of the paper is as follows. In Section 2, we summarize the observational data used in our study and describe in detail the analysis of the dSph data. Section 3 compares the properties of the dark haloes of spiral and dSph galaxies. Section 4 summarizes our findings and speculates on their implications for our understanding of dark matter and galaxy formation.
DATA

dSph galaxies
Figure 1 displays empirical velocity dispersion profiles originally published by Walker et al. (2007) ; Mateo et al. (2008) ; Walker et al. (2009a) and Walker et al. (2009b) for the Milky Way's "classical" dSph satellites Carina, Draco, Fornax, Leo I, Leo II, Sculptor, Sextans and Ursa Minor. As discussed above, in our present analysis, we assume Burkert profiles for the dark matter haloes of the dSphs in order to provide a basis for comparison with spiral galaxies. Specifically, we use the previously published velocity dispersion profiles shown in Figure 1 to constrain values of the Burkert parameters ρ 0 and r 0 for each dSph in our sample.
We assume that the luminous component of each dSph consists of a single, pressure-supported stellar population that is in dynamical equilibrium and therefore traces the underlying gravitational potential which we assume to be dominated by the dark matter halo. The masses of these stellar spheroids can be estimated from their luminosities: they are 1-2 orders of magnitude smaller than the dynamical masses. We assume that the stellar mass-to-light ratios (M/L) V are unity. While the actual (M/L) V ratios may vary by about a factor of two depending on the details of the stellar populations (see e.g. Mateo et al. 1998) , the uncertainties in the modelling results are dominated by the unknown velocity anisotropy.
The Jeans equation relates the density and velocity dispersion of the stellar component to the mass profile of the dark matter halo. Assuming spherical symmetry, the Jeans equation for a nonrotating system can be written (Binney & Tremaine 2008) 
where ν(r),v 2 r (r), and β(r) ≡ 1 −v 2 θ /v 2 r represent the 3-dimensional density, radial velocity dispersion, and orbital anisotropy, respectively, of the stellar component, and M(r) is the mass profile of the dark matter halo. In this analysis the orbital anisotropy β(r) is not constrained, as all information about the velocity distribution is restricted to the component along the line of sight. We make the simplifying assumption that β = constant, which provides the following solution to Equation 2 (Mamon & Łokas 2005) :
In order to compare to observables, we consider the projection of Equation 3 along the line of sight (Binney & Tremaine 2008) :
where I(R) is the projected stellar density profile and σ p (R) is the projected velocity dispersion profile. The two parameters of interest are of course the central density and core radius, which enter Equation 4 upon substituting for νv 2 r (Equation 3) with the mass profile derived from the Burkert density profile:
To describe the stellar density profile we adopt a Plummer
, where L is the total luminosity and r h is the projected half-light radius (i.e., the radius of the circle that encloses half of the total luminosity in projection). Under the assumption of spherical symmetry, the corresponding 3-D stellar density is then ν(r) = 3L(4πr Following Walker et al. (2009b) , for the eight dSphs considered here we adopt the V-band luminosities and half-light radii from Irwin & Hatzidimitriou (1995) . All values are tabulated in Table  1 of Walker et al. (2010) .
Treating the stellar density as a known function, we fit halo models to the empirical velocity dispersion profiles using the set of three free parameters:
We adopt uniform priors over the ranges −10 log 10 [ρ 0 /(M ⊙ pc −3 )] 5, −2 log 10 [r 0 /pc] 5, and −1 − log 10 (1 − β) 1. For a given point in parameter space, Equation 4 specifies the projected velocity dispersion profile σ p (R). We compare model profiles to the empirical velocity dispersion profiles, σ V 0 (R) (Figure 1) , by evaluating the likelihood
where
is the square of the error associated with the square of the empirical dispersion and N is the number of bins in the dispersion profile. We obtain (marginalised) 1-D posterior probability distribution functions for each free parameter using a Markov-Chain Monte Carlo (MCMC) algorithm. Specifically, we use the same Metropolis-Hastings algorithm (Metropolis et al. 1953; Hastings 1970) described in detail by Walker et al. (2009b) . In order to account for the error associated with observational uncertainty in the half-light radius, for each point sampled in our MCMC chains we scatter the adopted value of r h by a random deviate drawn from a Gaussian distribution with standard deviation equal to the published error (Irwin & Hatzidimitriou 1995) . The probability distribution functions for the free parameters are thus effectively marginalised over the range of half-light radii consistent with observations.
The velocity dispersion profiles corresponding to the highestlikelihood (Equation 6) point from each of our MCMC chains are over-plotted on the empirical profiles in Figure 1 . These 'best fits' demonstrate that Burkert profiles can provide an excellent description of dSph velocity dispersion profiles. For each free parameter, we take the 1-D posterior probability distribution obtained from our MCMC chains as the observational constraint, given our modelling assumptions. For each free parameter (and combinations thereof), Table 1 identifies the median value and confidence intervals that enclose the central 68% (and 95%) of accepted points in our chains. We find that the dSph haloes have central densities ranging from 
7× 10
−24 g cm −3 to 3× 10 −22 g cm −3 and core radii ranging from 0.05 kpc to 0.65 kpc. The data in the table also exhibit the well-known mass-anisotropy degeneracy: because the dispersion profiles of the dSphs are essentially flat to large radii and have a relatively small range of amplitudes, larger values of ρ 0 r 3 0 are required for galaxies with more radially biased velocity distributions. Our analysis is particularly susceptible to this degeneracy due to our restriction of the modelling to Burkert halo profiles.
We have repeated our analysis with the additional assumption of velocity isotropy (i.e. β = 0). With the exception of Sextans, the halo parameters obtained for our sample are consistent with those in Table 1 within the quoted uncertainties. When we restrict ourselves to isotropic models, the best-fit r 0 for Sextans falls to the significantly smaller value of 47pc. This is consistent with the fact that Sextans is unique in requiring tangential anisotropy to obtain a good fit to the dispersion profile -the best-fit isotropic model does not match the profile of Sextans interior to 200pc.
Spiral Galaxies
As discussed above, Burkert halo models provide excellent fits to individual spiral galaxy rotation curves as well as to samples of co-added rotation curves. Moreover, when the mass modelling is performed using Burkert haloes, a tight relation between ρ 0 and r 0 (and also between other parameters like the disk and virial masses) emerges (PSS; Donato, Gentile & Salucci 2004; Salucci et al. 2007) . As can be seen in Figure 2 , we find similar ρ 0 vs r 0 relationships independently of whether the mass profiles are obtained from rotation curves or from gravitational lensing data and irrespective of whether the analysis is performed on individual or co-added rotation curves.
To emphasise the very different ranges of baryonic mass and extent probed by the dSphs and the spiral galaxies in our sample, in Figure 3 , we compare the relationship between the characteristic baryonic length scale (R D ; see above for definitions) and the stellar mass of dSphs (estimated from the V band luminosity, assuming a stellar mass-to-light ratio of unity [in solar units]), and of spirals. (7) halo "surface density" scale; (8) total mass interior to R 83 /2, where R 83 is the radius enclosing 0.83 of the total luminosity; (9) ratio of stellar mass to DM mass interior to R 83 /2. In columns (4-9) the median value of the parameter is given together with error bars which enclose the central 68% (95%) of the marginalised 1D probability distribution function for the parameter. Since we assume that M/L V =1 for the stellar components of the dSphs, the luminosities directly yield the stellar masses. 
DARK MATTER SCALING RELATIONS
In the previous section, we showed that Burkert halo profiles provide good fits to the dSph kinematic data (Figure 1 ). In this section we compare the parameters of the Burkert profiles obtained from our dynamical modelling of dSphs with those obtained for spiral galaxies. In Figure 2 , we plot ρ 0 versus r 0 for the eight dSphs in our sample. Remarkably, they lie on the extrapolation to higher central densities of the relation found for spirals. All these data can be reproduced by the relation log ρ 0 ≃ α log r 0 +const with 0.9 < α < 1.1. An even more interesting comparison can be done involving the mean dark matter surface density within the dark halo core radius (the radius within which the volume density profile of dark matter remains approximately flat). It was recently discovered (Donato et al. 2009 ) that this quantity µ 0 (µ 0 ≡ ρ 0 r 0 ) is constant across a wide range of galaxies of different Hubble Type and luminosity and that this relation holds also for dSphs, as we confirm in Figure 4 where the data for the dSphs are the results of our Burkert halo modelling in the present paper (in Donato et al. the dSph halo parameters were obtained via a different approach). We therefore confirm that this relation extends across a luminosity range of 14 magnitudes and spans the whole Hubble sequence. The potential implications of the constancy of µ 0 are discussed in Donato et al. (2009) .
In their modelling of spiral galaxies using the URC hypothesis, PSS found that the parameters of their Burkert DM haloes were correlated with those of the luminous matter. In Figure 5 we show the ρ 0 vs R D relationship for our dSph sample compared with the corresponding relation for spirals from PSS. As in the case of the ρ 0 -r 0 relation in Figure 2 , the dSph data are consistent with the extrapolation of the relation seen in spirals. The significance of this relation derives from the fact that it links the DM and baryonic matter properties of galaxies on a wide range of length scales: qualitatively, the "central" densities of DM haloes increase as the extents of their associated stellar components decrease Although the observational evidence for this relation is relatively strong, we stress that its physical interpretation is presently unknown (see Gentile et al. 2009; Angus 2008 , for some related discussion of this point).
It is interesting to consider explicitly the role played by velocity anisotropy in this result. Unsurprisingly, under the assumption of Burkert haloes for dSphs the inclusion of velocity anisotropy as a free parameter improves the quality of the dispersion profile fits relative to those obtained for isotropic models. However, we also find that the scatter in the ρ 0 -r 0 relation is smaller for anisotropic models -thus the better we reproduce the observed dispersion profiles using Burkert haloes, the tighter is the correlation between the halo parameters.
Finally, we emphasise that the present results, do not require the presence of cored haloes in dSphs, nor do they constrain the density and scale lengths of their haloes in a model-independent way. On the other hand, the fact that the dSph kinematics can be reproduced using Burkert DM halo profiles whose structural parameters lie on the same scaling relations as those of spirals provides some support for the claim that the mass distributions in dSph galaxies can be understood within the same framework as those of spirals.
CONCLUSIONS
Dwarf spheroidal galaxies are the lowest luminosity stellar systems which show evidence of dynamically significant DM. Their physical properties (luminosity, stellar scale length, baryon fraction) are typically two orders of magnitude different from those observed for spiral and elliptical galaxies. Given these extreme structural properties, an understanding of the formation of dSphs is crucial for the development of a complete picture of galaxy formation. The main result of this paper is the finding that these galaxies, despite being very distinct in their physical properties from spirals and ellipticals and having a large individual scatter in their baryonic properties, exhibit kinematic properties that can be modelled using DM haloes with the same mass profiles as those which reproduce the rotation curves of spiral galaxies. Under the assumption that the haloes of dSphs have Burkert profiles, we find that the derived central densities and the core radii are consistent with the extrapolation of the relationship between these quantities seen in spiral galaxies. Conversely a Burkert profile with structural parameters predicted by the extrapolation of the relation between halo central density and DM core radius previously found from Burkert fits to the kinematics of elliptical and spiral galaxies can account for the observed internal kinematics in dSphs.
This result is intriguing, and could point to a common physical process responsible for the formation of cores in galactic haloes of all sizes, or to a strong coupling between the DM and luminous matter in dSphs. It is worth noting that a potential connection between spiral galaxies and dSphs does not appear as natural as one between dSphs and other hot, spheroidal systems (Dabringhausen et al. 2008; Forbes et al. 2008) . For example, while the sizes of spiral galaxies are presumably fixed by the angular momentum of the gas from which they form, most of the present-day dSphs show no signs of rotation (although Battaglia et al. (2008) have recently found evidence of rotation in the Sculptor dSph). However, Mayer et al. (2001) have proposed a formation scenario for dSphs in which they are initially low-mass disk galaxies that are subsequently transformed into spheroids by tidal interaction with the Milky Way. More recently, such models have been shown to provide reasonable models for the properties of the Fornax (Klimentowski et al. 2007) and LeoI (Łokas et al. 2008) dSphs. If the haloes of dSphs do indeed follow the scaling laws defined by more massive disk galaxies, this could lend indirect support to evolutionary histories of this kind. Suggestive evidence of such transformation scenarios is also provided by the discovery of residual disks with spiral structure in luminous dwarf elliptical galaxies in the Virgo cluster (Lisker et al. 2006) .
Further dynamical analysis is needed to derive the actual DM distribution in dSph and possibly to estimate their halo core radii. Nevertheless, it interesting to speculate on the possible implications of these scaling laws for our understanding of DM. Warm dark matter has been invoked as a potential solution to the over-prediction of substructure by ΛCDM simulations, and to the cusp-core issue (e.g. Moore et al. 1999) . However, the existence of scaling relations between the central density and core radius over three orders of magnitude in both quantities would argue against this explanation, unless the warm DM spectrum is extremely fine-tuned. Further, such DM relations cannot arise due to either self-annihilation or decay of DM which would predict a narrow range in ρ 0 and no clear correlation of the latter with the core radius. Dalcanton & Hogan (2001) argued that the phase-space densities of DM haloes suggested that warm DM (either collisional or collisionless) could not be the cause of cores in galaxy haloes on all scales. These authors suggested a dynamical origin for the cores of larger galaxies. Subsequently, a number of studies have demonstrated that macroscopic core formation in galaxy haloes is possible through the infall of compact baryonic (or baryon dominated) subclumps (El-Zant et al. 2001; Jardel & Sellwood 2009; Goerdt et al. 2010; Cole et al. 2011 ). Further work is required to explore whether such processes, in conjunction with subsequent star formation and feedback (e.g. Pasetto et al. 2010) , can result in universal scaling relations spanning three orders of magnitude in density and length scales.
Clearly, a direct kinematic determination of the dark matter profiles of dSphs is essential to confirm the robustness of the scaling relations between the halo parameters. A number of recent papers have made progress towards this goal in the subset of dSphs which exhibit kinematically distinct sub-populations in their stellar components (Battaglia et al. 2008; Amorisco & Evans 2011; Walker & Peñarrubia 2011) . Interestingly, all three analyses favour cored haloes over cusped ones. However, further observational and modelling work is required to constrain the halo profiles more tightly. Theoretically, the development of a physical picture of the processes which shape the halo profiles of dSphs and which could lead to the existence of apparently similar scaling relations between halo properties over a wide range of galaxy luminosities, is an important research goal for the coming years.
